Abstract
crop growth (Lipiec and Hatano, 2003; Barrios et al., 2005) . Moreover, due to easy operation and 48 cost effectiveness, k a measured near field capacity has been used to predict soil saturated 49 hydraulic conductivity (Loll et al., 1999; Iversen et al., 2001) .
50
Under natural conditions, k a is affected by a number of soil factors (e.g., air-filled porosity 51 and pore size distribution) and moisture conditions, all of which show various degrees of spatial 52 variations. As such, field measured k a exhibits significant spatial variability (Iversen et al., 2003) .
53
For application and modeling purposes, it is thus crucial to evaluate the spatial distribution of k a 54 and its controlling factors. However, compared to relevant researches on soil hydraulic properties, 55 only few studies are available on the spatial distribution of k a , which nonetheless provided 56 valuable insights into the understanding of the spatial pattern of k a (Poulsen et al., 2001; Iversen 57 et al., 2003 Iversen 57 et al., , 2004 . Geostatistical techniques were mainly used in previous studies to analyze the 58 spatial pattern of k a . Based on the results of variograms, Iversen et al. (2003) found that the range 59 of k a for sandy soils was larger than the one for a loamy soil, probably due to the difference in 60 the depositional processes of those two types of soils. Although geostatistical techniques have 61 been proven to be powerful tools for investigating naturally occurred phenomena, there are 62 certain shortcomings for those techniques as pointed out by Henley (2001) . Most notably, the 63 underlying processes associated with studied targets cannot be explicitly considered in 64 geostatistical techniques, which rather rely on statistical models for examining the spatial reference functional relationship and the distribution of scaling factors, this method is 93 particularly suitable for modeling purposes (Peck et al., 1977; Kabat et al., 1997; Salvucci, 1998; 94 Oliveira et al., 2006) . Given the similarities between water flow and gas transport in soils, one 95 can expect the viability of applying this scaling approach for investigating the spatial distribution 96 of k a under the influence of soil moisture.
97
To our knowledge, this research was the first attempt to extend the use of the similar media 98 concept for scaling k a . The main objective of this study was to examine the feasibility of this 99 approach using two datasets collected from USA and France. Four air permeability models were 100 selected to delineate the functional relationship between k a and saturation degree of air. The 5 results of this study demonstrated the feasibility of using the similar media concept for scaling k a , 102 which also opened the door for utilizing this method for simulating gas transport in soils.
104

Materials and Methods
105
Similar Media Concept in Soil Hydrology
106
The use of the similar media concept for scaling soil water retention and hydraulic 107 conductivity curves is well documented in the literature (see the review by Vereecken et al., 108 2007). So, only a brief overview is given here. Based on the similar media concept, it is assumed 109 that the microscopic structures (e.g., tortuosity, and relative particle size and pore size 110 distributions) of similar soils are identical and only differ by microscopic length scales that can 111 be characterized by scaling factors (Peck et al., 1977; Warrick et al., 1977) . The scaling factor soil. As such, the soil water retention curve at any location can be scaled to the reference water 118 retention curve through α:
where h is the soil matric potential, θ is the volumetric moisture content, and the subscript w 121 denotes water. The scaling relationship of the soil hydraulic conductivity curve can be written as:
where K w is the hydraulic conductivity. Due to the fact that soil porosity may vary across 124 locations, instead of θ, the saturation degree of moisture (S w ) is usually used (Warrick et al.,
Extension of the Similar Media Concept for Scaling Soil Air Permeability
136
Although the scaling theory based on the similar media concept has been widely used in soil 137 hydrology, there is a surprising lack of studies on its application for assessing the spatial 138 distribution of k a . Strictly speaking, soil water permeability (k w ) should be used in the scaling 139 procedure (Eq. (3)), as regardless of fluid properties, soil permeability, whether it is k w or k a ,
140
represents the intrinsic properties of soils to transmit fluids and thus reflects the microscopic 141 structures of soils. However, given that the fluid of interest remains under the same conditions 142 (e.g., temperature), the fluid properties do not change across locations and conductivities (e.g.,
143
K w ) can be used in Eq. (3). Therefore, one can write a similar scaling relationship for k a based on 144 Eq. (3):
where S a =(1-S w ) is the saturation degree of air and the subscript a denotes air. For the same 147 reason for using S w in scaling h(S w ) and K w (S w ), S a was used in this study instead of the 148 volumetric soil-air content. Note that α a is also invariant of soil moisture conditions and only 149 dependent upon the location of the soil.
150
To delineate the reference relationship of k a,m , four air permeability models were selected 151 (Ghanbarian-Alavijeh and Hunt, 2012 where γ is the pore size distribution index, and l is the tortuosity-pore connectivity factor and where (1+3/η) represents the combined effects of tortuosity and connectivity of air-filled pores.
168
In Kawamoto et al. (2006) , the measured k a at -100 cm H 2 O was used instead of k o . Essentially, 169 the MQ model is a simplified version of Eq. (9) with η=3.
170
In parallel to previous studies on scaling h(S w ) and K w (S w ), the scaling factors α a,i and the corresponding to S a,j at location i, and k a,m (S a,j ) is the calculated k a at S a,j from Eq. (6) to Eq.(9).
8
The generalized reduced gradient method was used to optimize Eq. (10) 
Datasets
189
Two independent datasets collected from USA and France were used in this study to test the test to calculate water dynamic viscosity, which was used to calculate k w .
202
After the measurements of saturated hydraulic conductivities, the sediment samples were (Table 1) .
223
The second dataset (denoted as Dataset II) was taken from Tang et al. (2011) , 1997; Salvucci, 1998; Oliveira et al., 2006) .
256
To have a thorough view of the effectiveness of using the similar media concept for scaling of the four models ( Figure 4b ). Among all of the results, the RMSE value of the scaled k a for the (Table 2) , indicating the applicability of those models for delineating the distribution of k a in the 284 studied sediments.
285
The values of obtained k o varied among the four models ( and Hunt, 2012). In summary, Figure 4 shows that for the studied sediments, the spatially 293 distributed k a could be described by a reference curve of k a,m and a set of scaling factors, which 294 attests the feasibility of using the similar media concept for scaling k a under the influence of 12 moisture. With a known reference curve of k a,m and the distribution of scaling factors, this 296 method would be particularly suitable for modeling subsurface gas transport.
297
As previously explained, the spatially distributed k a is mostly controlled by moisture 298 conditions and soil properties, both of which may vary at different spatiotemporal scales.
299
Essentially, the impacts of moisture levels and S a on k a can be determined through the reference 300 curve of k a,m ; whereas, the spatial variations of soil properties are embedded in the distribution of 301 scaling factors, as scaling factors only depend on soil intrinsic properties (i.e., the microscopic 302 characteristic length). The probability plots of the scaling factors (both α a,i and lnα a,i ) are given in 303 Figure 5 for the HT model. The resulting probability plots were similar for all of the four models, 17 is plotted against k w derived from measured saturated hydraulic conductivities in Figure 6 .
324
Again, only the calculated k a for the HT model is shown here as a demonstration. It can be seen 13 from Figure 6 that the calculated k a was very close to k w . On average, the calculated k a only 326 underestimated k w by 11%. Figure 6 further corroborates the feasibility of using scaling factors 327 within the similar media framework for describing spatially distributed k a .
329
Dataset II
330
The previous section has demonstrated the feasibility of using the similar media concept for II. Thus, to avoid the negative values of (S a -S a,t ) in Eq. (7), S a,t was fixed to be 0.02 for Dataset
335
II. In addition, an unusually high value of γ in the BC model was obtained from the optimization, class-averaged value of γ for sandy loam was used, which was derived from soil water retention 341 data (Rawls et al., 1982) .
342
The unscaled and scaled k a from Dataset II are presented in Figure 7 , and the obtained fitting 343 parameters and RMSE values are given in Table 3 . Overall, the unscaled k a from Dataset II 344 exhibited a much wider distribution from 0.5 to 1980.8 µm 2 . Some of the remolded samples
345
(e.g., the one with the maximum k a of 1980.8 µm 2 ) also showed different ranges of k a ( Figure   346 7a), which was probably caused by the repacking processes. As expected, the improvement of 347 the scaled k a from the MQ model was least satisfactory (Figure 7c ). By comparison, the 348 performances of the HT and BC models were considerably improved; however, the obtained k a,m 349 tended to overestimate most of the scaled k a (Figures 7d and 7e) , owing to the fact that the fitting showed that the HT model was better than the other three models (e.g., MQ, BC, and KA) to were smaller than the previously reported values derived from soil water retention and hydraulic 376 conductivity data (Warrick et al., 1977; Hopmans, 1987; Hendrayanto et al., 2000) . 
Conclusions
379
The use of the scaling factors based on the similar media concept was tested for scaling air 380 permeability k a using two independent datasets in this study. Rawls et al. (1982) 
